Abstract
Introduction
Large frozen regions are distributed around the world, as in subarctic countries [1, 2] . Compared to soil under normal conditions (15°C to 25°C), under which pore water remained in a liquid state inside the soil, the dynamics of frozen ground varies significantly with the seasons, resulting in different vibratory responses for building and civil engineering structures; even seismic damage is related to the season. The seasonal influences were demonstrated in the seismic damage caused by the earthquake swarm that occurred in Dedu county, China, in 1986. These earthquakes occurred in the summer and winter; the stiffer buildings suffered more during the winter earthquake events, while the more flexible buildings were damaged during the summer events [3] . Research on the frequency of building during an Alaskan winter illustrates that the firstorder mode frequency of reinforced concrete frame structures with a shallow foundation increases nearly 50% over construction performed during the summer [4] .
There are many researchers studying the shear modulus and damping ratio of normal soil [5] [6] [7] [8] [9] [10] , also some researchers have made significant achievements using specific soils [11] [12] [13] [14] [15] . Common used testing devices are resonant column apparatus (RCA) and dynamic triaxial apparatus (DTA), and the utilization frequency of DTA is higher than RCA. But in fact, the resonant column test (RCT) at normal temperatures (15°C to 25°C) is relatively reliable, and certain codes, such as the Chinese standard (SL237-1999) and the American standard (D4015-92) [16, 17] , have proven to be useful.
In contrast, research on the shear modulus and damping ratio of frozen soil is limited [3, [18] [19] [20] . These researches revealed each factor that affects the modulus and damping to a different extent. However, the equipment performance and technological level required for a low temperature environment are more complex than those found in normal temperature tests. For all of the research noted above, there is a limit to the equipment's capabilities as well as some issues with the methodology, as shown in the following list.
(1) Most of the modulus and damping ratio values of the frozen soil were obtained with the DTA. In these tests, the shear modulus was transformed from the elastic modulus by assuming Poisson's ratio, whose reliability needs to be reconsidered. The test scope of the strain amplitude for the dynamic triaxial apparatus is from 10 −4 to 10 −2 , while the strain amplitude inside the frozen specimen during a seismic event is relatively small, which results in the interpolation of the shear modulus and damping ratio curves for a low-strain scope.
(2) The confining pressure employed in most low-temperature triaxial tests is higher than that found in a natural situation, usually 0.3 MPa to 3.5 MPa. In general, the maximum depth of the seasonally frozen soil is about 10 meters [22] , so the corresponding confining pressure is about 100 kPa. The excessive confining pressure used in the prior laboratory tests is not suitable for evaluating frozen soil.
(3) Some parts of the sample preparation process for the lowtemperature dynamic triaxial test were conducted in a refrigerator; afterwards, the researchers installed the samples in a pressure chamber. This activity requires superior experimental skills, as a laboratory technician needs to take the frozen specimen and assemble components of the apparatus in a short time without the specimen melting. In a natural setting, the freezing process of soil proceeds under pressure from the surrounding soil, which is inconsistent with the sample preparation process found in these laboratories.
(4) Compared to the DTA, the RCA is mechanically reliable and convenient for use in analysis. The RCA is ideal for capturing the dynamic modulus and damping ratio at a strain amplitude scope from 10 −6 to 5 × 10
; its test results can be utilized directly in the seismic response analysis of layered soil. The shear strain inside a frozen soil layer during a vibration event, like earthquake, is much smaller than that under unfrozen conditions, so the RCA is superior in obtaining the dynamic modulus and damping ratio of this stiff soil type. However, the excitation force of the magnet coil and coarse filtering noise ability of the data acquisition equipment used in the prior research were limited. The small soil sample amounts taken with the RCA that were used to reveal the dynamic modulus and damping ratio of the frozen soil sample were inadequate, as were the narrow scope of the shear strain amplitude and lack of precise temperature control [18] . Test results of Al-Hunaidi et al [18] and Zhang [21] are presented in the later chapter, which verify results in the present study and reveal the advantages of RCA in micro-strain experiments.
(5) There was an absence of an acknowledged low-temperature experimental technique, regardless of the type of apparatus utilized. The lack of an appropriate technique may have resulted in large discrepancies in the data. Also, the absence of uniform technique standards results in too many testing errors, and such experimental results lack comparability.
A set of test techniques was explored in this research. These techniques were based on a low-temperature RCA. We explore the effects of the experimental parameters on the testing repeatability, such as the confining medium and freezing duration. The basic mode of the negative temperature effect on the shear modulus and damping ratio was elucidated, and the corresponding empirical correction factor concepts were proposed. This work lays the foundation for the modification of the seismic design spectrum in seasonal frozen areas, and provides support for correctly estimating the effects of seismic waves in building design.
RCA for the low temperature test
Global Digital Systems Instruments, Ltd. (Hampshire, United Kingdom) has specially developed a low-temperature RCA for the work in 2012 (Fig. 1) . This equipment can precisely control and measure a number of parameters, including the confining pressure, back pressure, back volume, pore pressure, and exciter coil voltage through the software programs GDSLAB and GDSRCA. The control module for the temperature provides a reliable low-temperature environment that surrounds the specimen. The main performance parameters of the RCA can be seen in Table 1 .
A Thermo Scientific HAAKE Bath was employed as the temperature control system, with a minimum temperature of −40 ± 0.01°C. One end of the cooling pipes was connected to the Bath and the other end held the soil specimen in the cell; these pipes were used to freeze the specimen, where the copper pipes were wound manually. A heat preservation cover enclosed the cell, ensuring that most of the cold energy was kept inside the cell. A thermocouple was placed inside the cell and was used to measure the cell environment's temperature. The temperature value was read and recorded in real time with GDSLAB. The axial displacement was measured by a linear variable differential transformer on the top of the specimen, which reflected the consolidation and freezing process. Temperature in the chamber > −25 ± 1 °C X. Yu, R. Sun, X. Yuan, Z. Chen, J. Zhang 
Specimen preparation
Silt was taken from a depth of 3 meters underground in the Hulan District of Harbin, China. The grading curve and physical properties of the specimen are shown in Fig. 2 and Table 2 , respectively. All the specimens were remoulded by compacting them into five layers according to the Chinese standard (GB/T50123-1999) [23] . Afterwards, the specimens were air exhausted by vacuum pump for at least 12 hours to eliminate air in the pores. Water was added to the vacuum chamber until the specimens were submerged; this saturation lasted for a minimum of 48 hours in order to ensure sufficient water absorption. The mold was removed and the specimens were installed at the pedestal of the RCA before the test. The consolidation procedure was conducted at 100 kPa for at least 8 hours, as the back volume and axial displacement tended to stabilize. 
Confining medium selection
Membranes manufactured from natural rubber (NR) age quickly when exposed to the negative temperatures found in cold environments, resulting in the reduction of their elasticity and hermeticity. These may lead to inconsistent degrees of consolidation and freezing. The inconsistent experimental condition rendered the results of the test unreliable. The basic requirement for the confining liquid in a low-temperature environment is its low freezing point, since otherwise ice crystals in the liquid would seriously impact the test results. Some schemes have been proposed for a comparative test (please see Table 3 ).
An alternative confining liquid is needed for low-temperature experiments, as water (which is commonly used) is inadequate. Compacted air, anti-freeze, and silicon oil were chosen as the confining medium for the comparative test. Anti-freeze is often used in automobile engine cooling systems and has a −35°C freezing point. Silicon oil is often used as a lubricant or hydraulic fluid since it is nontoxic and has a low freezing point. It should be noted that confining pressure in the test was only 100 kPa, so it did not stress the transmission performance of the silicon oil. The coordinating silicon oil scheme, CR (Chloroprene Rubber) membrane, was employed since it is more easily adapted to the oil and low-temperature environment than the NR membrane.
There were three parallel tests for each scheme that evaluated the effects of each medium. Figure 3 shows the results of schemes 1-3. In Fig. 3a and 3c, a great difference appears among the parallel results. Figure 3b and 3d show that the damping ratio curves are dispersed. Figure 3e and 3f show that all of the data are close enough to the requirements needed for the test. Figures 3a~3d indicate that different degrees of freezing cause the dispersion of the initial modulus (G max ) data. The errors originated from the different degrees of consolidation and freezing for the damping ratio (λ) data. Anti-freeze and compacted air leakage can directly influence the freezing point and consolidation degree of the soil, which is likely to occur in schemes 1 and 2. The test results for scheme 3 are more reliable than those of the other schemes. The silicon oil or the CR membrane or their combined effects maintain the hermeticity in the negative temperature environment in scheme 3.
Based on the comparative test results shown above, all of the following tests employed scheme 3. 
Freezing duration selection
The freezing duration has a great influence on the frozen soil's dynamic properties, as the state of the ice content and ice crystal growth are dependent on the time it takes the soil to freeze completely. The mechanical properties of a soil specimen change gradually during the freezing process. The axial displacement works as a measurable indicator for the degree of freezing, as shown in Fig. 4 . The temperature and displacement time-history curves started with the end of the consolidation. Meanwhile, the cooling bath system was activated. The positive values of displacement in Fig. 4 refer to the sedimentation and negative values are the frost heaving. Figure 4 presents two stages of freezing: development and stabilization. A plateau region can be seen starting at 1-2 hours and represents a continuous adjustment and balancing procedure between the cooling bath and confining medium. Figure 4 shows that the axial displacement relates to the temperature. The axial displacement line stays flat starting at 8 hours and the temperature falls to nearly −4°C at the same time. Later, from the 8th hour to the 12th hour, frozen heaving occurs as the axial displacement falls rapidly. The temperature at this stage changes slowly. After the 12th hour, the frozen heaving ends with a stable axial displacement and temperature. Figure  4 shows that at the 24th hour, the displacement of the specimen and temperature of the confining medium are flat. The freezing procedure was completed in 24 hours.
Longer freeze durations result in a greater stabilization of the ice content. It takes time to balance the water migration inside the specimen. However, it is impossible to ensure freezing over a long period of time, as a long testing time is inefficient. Other researchers [20, 21, 24] have used freeze durations of 24~48 hours. The comparative tests between the freeze durations of 24 hours and 48 hours were conducted to confirm the applicability of the 24-hour duration. Figure 5 presents a set of results at −3°C, in which data are close to each other. This one aspect demonstrates the rationality of the 24-hour duration. A low temperature RCA was used to examine the effect of the temperature in the present study.
In the Chinese standard (GB/T50123-1999), the initial temperature of freezing is determined by the jump in the electromotive force. However, for the RCT at relative higher negative temperatures, the results are still the same as those at unfrozen temperatures. This is because the freezing degree of the specimens at this temperature is low. The temperature around this initial freezing point is called the sensitive range. A series of temperatures was set up to present this phenomenon (Fig. 6) . Figure 6 shows that the results at −1.4°C are similar to those at unfrozen temperatures (20°C), where both values for Gmax are less than 100 MPa, much lower than those at other negative temperatures. The results for the −1.4°C shear modulus ratio and damping ratio are similar to those at normal temperatures. The test results change significantly in the ranges from −1.4°C to −2.2°C and −2.2°C to −3.0°C. The results changed slowly as the temperature decreased to under −3.0°C. These results suggest that the temperature range, from normal temperatures to about −4.0°C, is the sensitive range of this silt, where only small parts of the specimen are frozen and the mechanical properties of the ice crystals in the specimen are unstable. X. Yu, R. Sun, X. Yuan, Z. Chen, J. Zhang 
Insensitive stage
The dynamic performance of the frozen specimen became stable when the temperature decreased below the sensitive range. The stable range occurred outside the sensitive range. Four negative temperatures, −15°C, −10°C, −5°C, and −3°C, were set for the RCT and normal temperatures were set for the control group. Parallel tests were set for each temperature, with a 100 kPa confining pressure (some are shown in Figs. 7) .
Fig. 7 Test results at different temperature
Figures 7 illustrate that the test results are reliable, since the results of the 3 parallel tests were close to each other. It should be noted that the discretization error exists and is larger than that found in the normal temperature test. Supposedly, the discretization error of the sample preparation is enlarged when the sample is frozen; the error exists when the components of the RCA are installed. The aging and deformation of the CR membrane at negative temperatures and in the oily environment also affect the test results.
The fitting curve shown in the figures is the Hardin-Drnevich hyperbolic model [25] , which describes the modulus ratio and damping ratio. The Hardin-Drnevich model parameters of the three parallel test results were averaged and the dynamic nonlinear curves at certain temperatures were acquired. The measured strain amplitude was distributed at an interval of 10
. The values of the strain amplitude beyond 10 −4 were obtained through the interpolation of the fitting curves. The interpolation was reliable, as some research [19, 20] with DTA on frozen soil were conducted under strain amplitudes larger than 10 −4 and those results match the Hardin-Drnevich model. The Hardin-Drnevich model is shown in Eqs. (1) and (2): In Eqs. (1) and (2), G max is the initial shear modulus (MPa), γ is the shear strain amplitude, γ r is the reference shear strain, λ max is the maximum damping ratio (the damping ratio at γ = 0.01, in practice), and n is a fitting parameter. The parameters in Eqs.
(1) and (2) are presented in Table 4 . Figure 8 presents the fitting curves with the detailed information from Table 4 . It is evident that the curves of the frozen specimen are quite different from those found at normal temperatures (15°C to 25°C). The modulus ratio (G/G max ) values of the normal temperature are much higher than those of the negative temperature values. The damping ratio (λ) values of negative temperatures are higher than those of normal temperatures in the strain interval of 10 −6 to 5 × 10
, which are unusual and will be discussed later. For λ at γ = 0.01, the values for the normal temperatures are larger than the values for the negative temperatures, and they decrease with the decreasing temperature. 
Compared to soil under normal temperature conditions, the G/G max of the frozen soil decreases more rapidly with the increasing strain amplitude. Although the rate of decrease is quite high, the G of the frozen specimen is larger than that found under normal temperature conditions because the G max of frozen soil is significantly magnified. It is difficult for the RCT for frozen soil to reach a strain amplitude exceeding 10 −4 , so frozen soil can still be regarded as a stiff material.
The damping ratio curve changes significantly for specimens in unfrozen conditions relative to those in freezing conditions. The curve for normal temperatures is lower than that for negative temperatures during a certain range of the strain amplitude; however, with the increasing amplitude, the normal curve becomes gradually higher than the curve for the negative temperatures. This may be due to the damping mechanism inside the specimen at unfrozen temperatures, where the particle deformation and the pore water's viscous force constitute the energy dissipation. At the micro-strain amplitude, the main energy dissipation is caused by the viscous force of the pore water and bound water. This dissipation mode is not useful for making comparisons with the particle deformation mode. When the strain amplitude is larger, the deformation mode can be substituted for the viscous mode, becoming generalized inside the specimen with the result of rapidly increasing the damping ratio. The energy dissipation mode is only the particle deformation that remained in the frozen specimen, which shows more energy dissipation than that found with an unfrozen specimen at the same micro-strain amplitude.
Discussion
Al-Hunaidi et al. [18] took undisturbed frozen samples from two adjacent boreholes in the winter. The samples consisted of clay with some sand and were cut into the appropriate size for the low temperature RCT. The test was performed with a 14 kPa confining pressure and −9°C environmental temperature. The samples were placed at 22°C for four days before being tested. Their work provided 3 strain amplitude test results at low and normal temperatures. The data are fitted using Eqs. (1) and (2), as shown in Fig. 9 . Figures 9a and 9b show the large difference in the decreasing rates between the two frozen sample results, which may be the result of the uncertainty of the natural samples' interior micro-structure and defects in the experiment operations. The stiffness of the frozen sample was larger than that of the sample taken at an unfrozen temperature, so the stability and accuracy of these freezing tests were difficult to guarantee. Their results show that the shear modulus and damping ratio curves of the frozen and thawed samples are quite different, and the thawed G/G max curves are higher than those of the frozen samples. The frozen damping ratio curves are higher than the thawed curves at a strain amplitude under about 10−4. These results agree with the results of the present study.
Zhang [21] conducted dynamic triaxial tests on frozen sand with a 2-Hz loading frequency and 0.3-MPa confining pressure. Zhang [21] developed equations for the shear modulus and damping ratio evaluation, which were used for the curves in Fig. 10 ; in this figure, the initial shear modulus G max increases and the maximum damping ratio decreases with the decreasing temperature. These outcomes qualitatively correspond to the results from our experiments in section 6.2. However, the decreasing rate of the G/G max curves (shown in Fig. 10b ) are rather different than ours, where the value stays stable at γ < 10−3. There is a rapid decreasing stage in the microstrain amplitude range found in both Al-Hunaidi et al.'s RCT results (Fig. 9 ) and our results in section 6.2 (Fig. 8 ). Zhang's results can be explained as the scarce strain amplitude with the dynamic triaxial test results and unreliable curve fitting at the micro-strain amplitude level. The 0.3 MPa confining pressure in Zhang's work is different from the 100 kPa confining pressure used in our work. Using the dynamic shear modulus and damping ratio at different temperatures from the results in section 6.2, we derived the temperature correction coefficients that work in the HardinDrnevich model.
In Eq. (3), α G , α γ , and α λ are the correction coefficients of the initial shear modulus, reference shear strain, and maximum damping ratio, respectively. G max ', γ r ', and λ max ' are the initial shear modulus, reference shear strain, and maximum damping ratio at negative temperatures, respectively. G max , γ r , and λ max are the initial shear modulus, reference shear strain, and maximum damping ratio at normal temperatures (15°С to 25°С). The Boltzmann and index formulas were employed using the data we obtained, and the α G , α γ , and α λ curves are shown in Fig. 11 . Figure 11a shows that α G is significantly magnified (24 times), which reflects the effects of the ice formation. α G remained in the rapid increase stage between −4°C to 0°C, which suggests that the ice-water phase change inside the specimen is the main part of the modulus amplification. This phenomenon can be interpreted as the unfrozen pore water content decrease with the increasing pore ice cementation. When the freezing process is close to finishing, the pore ice content stabilized and the frozen specimen is no longer sensitive to lower temperatures.
When the shear modulus decreases to half of the initial value and the strain amplitude increases, the strain amplitude at the time is defined as the reference strain γ r . The γ r reflects the fragility of the specimen and the decay rate of the shear modulus. Figure 11b shows that the α γ curve is less than 1.0, where the fragility of the frozen specimen is enhanced. The α γ curve varies from 1.0 to about 0.1, a significant reduction of 90%. A rapid decreasing stage between −4°C to 0°C occurs where the ice-water phase change was generated and the α γ remained the same with the decreasing temperature. In the frozen state, the soil skeleton is enhanced by the pore ice, which also limits the deformation ability of the skeleton. For the same strain amplitude, the normal soil skeleton maintains its stability by soil particle deformation, or particle displacement. Frozen soil contains a large amount of pore ice and the deformation and displacement ability of the particles are limited by the transformation from viscoelasticity to fragility.
The maximum damping ratio λ max is the ratio between the damping coefficient and corresponding critical damping coefficient. Briefly, the maximum damping ratio is the damping ratio when G/G max tends to zero (Eq. (2)). In Fig. 11c , the α γ curve is less than 1.0 and part of a greatly decreasing stage, with a 60% reduction in amplitude. The damping ratio is a description of the energy dissipation. The differences between the damping mechanisms in the frozen and unfrozen specimens are due to the effects of the ice. The ice enhanced the structure of the soil skeleton, the particle movements were restricted, and the pore fluid motion tended to disappear, so the energy dissipation was reduced and the maximum damping ratio decreased at the macro level.
Conclusions
The technique for the low temperature RCT is more complex than the technique used for an unfrozen RCT. In the experiments, CR membrane and silicon oil were used as the medium transferring the confining pressure. The duration of the freezing time was 24 hours. These measures achieved favorable results.
A negative temperature has a great effect on the G max , G/ G max , and λ. The G max increases with the decreasing temperature while the γ r decreases. The negative temperature λ curve is higher than the normal temperature ratio curve in the strain range of 10 -6 to 5 × 10 -4 , while the normal temperature curve gradually surpasses the frozen one in the strain range larger than 5 × 10 −4 . The sensitive stage of the initial modulus correction coefficient α G was 0°C ~ −4.0°C for the frozen silt specimen used in this work. The stable stage was lower than −4.0°C, and the initial modulus gently increased with the decreasing temperature.
The sensitive and stable stage for the reference strain correction coefficient α γ was 0°C ~ −4.0°C and < −4.0°C, the same as that for the initial modulus.
The exponential equation is suitable for the description of the maximum damping ratio correction coefficient α λ . The α λ curve becomes flatter with the varying temperature, unlike the α G and α γ curves. However the damping ratio curve needs further study, as there is some divergence on the damping mechanism.
